A concept to sequence DNA without tagging the molecule is developed. The fabrication process is compatible with current microelectronics and (emerging) soft-material fabrication technologies, allowing the method to be integrable with MEMS and lab-on-achip devices. The preliminary results indicate sensitivity in the nano-gram regime for 100 micron-square pixels. The technology can be extended to perform combinatorial analysis with on-line measurement in real-time during the hybridization process.
Introduction
DNA sequence analysis is fundamental to decipherment and functional study (such as mutation, gene expression) of genetic code, with applications in diagnostics, therapy, drug design, and crime detection. The conventional sequencing technologies resolve the base pair sequence at single nucleotide level making the analysis effort proportional to the length of the gene or DNA.
Several advances have occurred over the years to accelerate the sequencing process. Notably is the improvement of conventional sequencing process using gelelectrophoresis. The introduction of parallel, capillary -based electrophoresis systems has greatly increased the rate of diffusion and hence decreases the time at which DNA may be sequenced (1) . Although development continues on electrophoresis systems (2), the process is linearly proportional to the length of the gene. The significant breakthrough in the sequencing technology came in developing a massively parallel approach to perform many sequences of ssDNA simultaneously. Such a combinatorial chemical analysis and processing approach reduces the amount of time by 'number of parallel channels'. The method gaining pervasive interest and attention is (in classical terms) a miniaturized version of a reverse dot-blot method. The 'smart-blotting' is a fabricated array of immobilized single strand DNA (ssDNA) genes of known sequence. The sample ssDNA 'dot' may be in solution rather than a gel. The development of such miniaturized concepts have been possible (and triggered by) success in micro-scale and nano-scale processing technologies primarily spurred by the microelectronics industry (3) . To also note is that microelectronics fabrication has impacted other bio-medical technologies by massive miniaturization of fluid processing. These developments are ref erred as 'lab-ona-chip' (4). Thus in future, it is conjectured, that combination of micro-fluidics (i.e., labon-a-chip) and massively parallel probe methods (i.e., biochips) would lead to highly functional and sophisticated hand-held gadgets that may not only out perform the present devices but they would also be significantly inexpensive and user friendly.
The array of immobilized ssDNA on substrate is commonly referred to as "biochip" for DNA sequencing or simply DNA Chip. In biochip methods (first introduced ca. 1996) a monolayer of specific single stranded DNA (ssDNA) fragments is assembled on an array of pixels (~1-100 µm 2 ) (5). The base sequence in the ssDNA may change from pixel -topixel. These probe fragments act as "chemical tweezers" to pick the specific complimentary tagged ssDNA from the sample batch to from double stranded DNA (dsDNA) (i.e., hybridization process). The hybridized region is observed by the fluorescent label. The process is highly parallel, very specific and analyzes multiple nucleotide sequence (6) .
The technology is proving to be highly versatile (7): For example; Affymetrix Corp. is studying p53 gene malfunction (i.e., mutation) responsible for (breast) cancer; Merck is using the DNA array to study changes in DNA sequencing as the cell begins to rapidly proliferate (thus understand tumor formation); Incyte Pharmaceutical is working on making disease-specific chip for drug design. Furthermore, the massively parallel, quick, sensitive and accurate biochip methods may boost the Human Genome Project.
Processing is an important aspect of the success of DNA chip technology. Lithographic techniques developed in microelectronics industry have been key in developing the precise micro-arrays of ssDNA 'blots' (5) . Recently, the processing has further improved the massively parallel processing of over 5000 spots (i.e., ssDNA probes) on a DNA chip using a complete robotic automation (8) . Apart from the (microelectronics) processing technology, the advancement in optics and electro -optical detection devices is another factor that has driven the biochip technology. The development in confocal microscopes has made the high-resolution read-out of such devices possible (9) . Recently, the readout process has further been automated at high speed and sensitivity by integrating the probe mechanism with photo detectors on the same chip (10) . Several other tagging techniques have been developed including, among others, fluorescent, oligonucleotide hairpins (11) and a number of techniques are currently being developed for probing DNA at the single molecule level (12, 13) . These techniques rely on hybridization of DNA changing the physical properties of the tagged probe. Recently, researchers have reported sequence-selective DNA detection utilizing nanoparticles which polymerize when encountering the target strands (14) .
Apart from the highly parallel approach (i.e., speed) the miniaturization is also an important benefit of biochip. The long-term goal is to make a small portable device that can be used in a doctor's office to check if the patient would for example (eventually) develop cancer or, how fast the body is likely to breakdown a specific anticancer drug. For all these applications, a tool that can perform a DNA fragment analysis of a small size sample for several specific genes (all at low concentrations) is highly desirable. The present bio-chip methods require tagging, the characteristic size of a single pixel is in micron range, the method to make the structure is complex requiring expensive lithographic methods, and number of fragments per pixel is not (accurately) known or fixed.
In contrast to present biochip methods, the proposed probing technique will not require any tagging. The contrast between the unhybridized single -strand DNA (probe) site and hybridized dsDNA site is generated by exploiting the change in corresponding refractive index. Furthermore, compared to present biochip methods the device studied below has a fabrication process based on (relatively inexpensive and highly parallel) self-assembly approach that does not require expensive lithographic techniques. The simplicity of the processing will allow the device to be integrable with lab-on-a-chip technology.
Concept
The essential elements of the device are shown in Fig. 1 (15) . The structure is composed of thee layers: the top layer of grafted single strand DNA (ssDNA) grafted on to a photoluminescent material, and the third layer is the substrate. The substrate may be a fiber optic probe to collect the signal or a reflector. For this study, the substrate is a reflector. Fig. 1 : The basic elements of the DNA chip device are shown. For the study described, the substrate is Si wafer and the photoluminescent layer is polystyrene.
Let I O and A O be the incident intensity and amplitude of the input light shown in Fig. 1 . Let, the complex refractive index, N = n -ik (where i is (-1) 0.5 ) of ssDNA-layer, photoluminescent layer, and substrate be, (n 1 , k 1 ), (n 2 , k 2 ), and (n 3 , k 3 ), respectively. Let the thickness of ssDNA and polymer layer be d 1 where, r 01 , r 12 , and r 23 are complex reflectivites at the various interfaces given by Fresnel's formulae (16) . Although, experiments will be conducted to determine the parameters in Eq. (1), for this study we will make certain assumptions to simplify the above equation, such that the basic concept can be demonstrated. For t his study, n 1 d 1 , n 2 d 2 << λ, thus the interference factor can be neglected. Furthermore, the absorption terms can be neglected, since d 1 
where, R 01 , R 12 , and R 23 are (real) reflectivities corresponding to various interfaces and I R is the reflected intensity from the sample. The real reflectivity for an arbitrary p/q interface is given by,
where N p = n p -ik p is the complex refractive index of the material p.
Next the device is immersed in a solution of various ssDNA fragments. If there is complimentary pair in the solution to the grafted ssDNA on the device, it will hybridize. The top layer will then convert from ssDNA to double strand DNA (dsDNA). As a result, the top layer complex refractive index will change from N 1 to N 1 '. The corresponding reflectivities from 0/1 and 1/2 interface in Eq. (2) will change to R 01 ' and R 12 ' . If the change in reflectivity due to hybridization is defined as, ∆I R = I R ' -I R , where I R ' and I R are reflected intensities form dsDNA and ssDNA structure, then 
where, ∆R 01 , ∆R 12 , and ∆(R 01 R 12 ) are corresponding change in reflectivities from ssDNA to dsDNA. Since, R 23 , is close to 1 and reflectivities from 0/1 and 1/2 interfaces is small, 0 12 23
Similar to Eq. (2), the light transmitted into the photoluminescent layer, 2 is given by, 
Similar to above, if we ignore the second order terms, such as ∆(R 01 R 12 ), the change in transmitted intensity into the photoluminescent layer is given by, 
The change in ∆I T will lead to a corresponding change in the photoluminesecent intensity from the film. Thus, the change in photoluminescent intensity, ∆I PL form the layer-2 will be given by, 
where, K is a constant that is proportional to the quantum efficiency of the photoluminescent layer. We note in passing that the change in absorption from ssDNA to dsDNA leads to small (but measurable) change of less than 2% in I PL , indicating the reflectivity (i.e., change in complex refractive index) is the dominant contrast mechanism.
By Eq. (3), ∆R 12 can be further expressed in terms of n,k of the materials as, 
If we neglect the absorption effect, the signal given by Eq. (8) and (9) 
Thus the contrast is due to change in refractive index square or the dielectric constant between ssDNA and dsDNA. Highly reflective substrate surface is desirable for high signal. Large efficiency of the photoluminescent layer (i.e., K) and initial probe intensity (i.e., I 0 ) will also improve the signal proportionally. Fig. 2 shows the fabrication flow chart. The polystyrene in Fig. 2(b) is made from 5% and 1% solution in toluene to form a thick and a thin film on Si wafer. To ensure adhesion, the Si surface was made hydrophobic by HF treatment. The polystyrene was functionalized by plasma treatment to achieve a wetting surface with contact angle of below 15 o from an initial contact angle of 87 o . By specifically tagging the carboxyl groups by a photoluminescent dye, the number of active sites is estimated to be 3 x 10 10 /cm 2 . The sequence of probe ssDNA is CAA-AAT-AGA-CGC-AAC-GAA-AAC and its compliment target ssDNA is ATA -GTT-TTC-GTT-GCG-TAA-GCG-TCA-ATT. The grafting is performed at the 5'-end. Concentration of probe ssDNA and target ssDNA is 6.6 x 10 -4 nmole/µl or 5.5 ng/µl.. Incubating time for grafting is 5 hours at 50 degree C and hybridization process is 10-12 hours at 42 degree C. Probe ssDNA is grafted on to the surface modified sample in (c) to create a structure shown in (d). Subsequently, probe ssDNA is modified to dsDNA by exposing the sample to solution of target ssDNA that compliments probe ssDNA. The signal is change in photoluminescence intensity from polystyrene in (d) to (e). Fig. 3 shows the change in reflectivity as the top ~5 nm thick layer transforms from ssDNA (in Fig. 2(d) ) to dsDNA (in Fig. 2(e) ). The undulation in the reflectivity is due to the interference in the reflected and incident light in accordance with Eq. (1). Since the peak locations do not change significantly, the fringes primarily (as expected) correspond to thickness of polystyrene, d 2 . By ignoring absorption effects and assuming week dependence of the wavelength on refractive index in the visible region, the approximate thickness of polystyrene is about 125 µm. Although, the DNA coating is an insignificant portion of the total structure, the change in reflectivity is apparent in Fig. 3 . where the fringe order, m=1,2…. From Eq. (11) it is clear that the fringes will be closer as the order increases towards lower λ. The contrast due to reflectivity can more clearly be observed by avoiding the fringes that dominate the above observation. From Eq. (11), with n 2 ~ 1.5 in the visible region, for d 2 < 100 nm, no fringes should be observed. Fig. 4 shows a reflectivity curve with DNA on ~65 nm thin polystyrene. There is some undulation present in the thin film sample shown in Fig. 4 , however, the interference effect is significantly reduced. The reflectivity difference is significant in 260-265 nm range. Since the present set-up needs a reference, it is difficult to quantify the reflectivity contrast to estimate the resulting change in photoluminescence from ssDNA to dsDNA. Qualitatively it is obvious that since, dsDNA reflects less light the photoluminescence should be higher. We also note in passing, that the small shoulder around 270 nm corresponds to the absorbance of DNA.
Device Fabrication

Reflectivity Contrast
Next we measure the change in photoluminescence as the top DNA layer Fig. 2 changes from single strand to double strand, i.e., the contrast between Fig. 2(d) and 2(e) . Since the reflectivity change is significant as seen in Fig. 4 , the resulting ∆I PL (according to Eqs. (8) and (10)) should also be large. Fig. 5 shows I PL from polystyrene for ssDNA ( Fig. 2(d) ) and dsDNA ( Fig.2(e) ). The contrast is highly amplified compared to the measured reflectivity contrast shown in Fig.  4 . This may be attributed to several reasons: (a) The geometry of measurement for Fig. 4 and 5 is different. In Fig. 4 the reflectance is performed at normal angle, while the Fig. 5 , enhancing the contrast. This is indirectly evidenced by comparing the photoluminescence of the polystyrene film before ssDNA grafting (i.e., Fig. 2(b) ) and after the hybridization step (i.e., Fig. 2(e) ). The photoluminescence intensity in the latter is significantly higher than the former. (c) The percent change in reflectivity in Fig. 3 and 4 is difficult to obtain since the reference sample (required for the measurement) is polystyrene on Silicon and not a 'gray' reflector. Thus reflectivity contrast is difficult to estimate. The data has been reproduced over 5 times with I PL,dsDNA /I PL,ssDNA ~ 2.35"0.25. 
Sensitivity Estimate
The surface modification due to the plasma processing is well characterized and discussed elsewhere. If the ssDNA grafts on all the carboxyl sites, the coverage is ~5 x 10 -14 moles per cm 2 . For 100% grafting efficiency, the ssDNA molecules are at most 300 pg/cm 2 . Based on the performance of the spectrophotometer, the signal is measurable if the intensities in Fig. 5 are scaled own by 30 folds. Thus the sensitivity is 10 pg/cm 2 . Furthermore, if the signal is integrated over 1 sec. (in contrast to 10 msec for the above data), a sensitivity of 1 ng over 100 µm square pixel is possible. Significant enhancement is possible by further improving the optics, especially light-collection efficiency, and making the photoluminescence film more efficient.
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